A fiber-optic quasi-distributed strain sensors ring network has been designed based on a Mach-Zehnder optical paths interrogator. The optical paths matching for each sensor are discussed, and the optical power budgetary analysis is performed. The relation between the number of sensors and the intensity of the signals of the ring network is given for evaluation of the multiplexing capacity. Experimentally, a seven-sensor array ring network was realized under the condition of light source power 35 W at 1310 nm, and the distribution strain test was also demonstrated.
Introduction
In most distributed, fiber-optic sensing systems, sensors are fabricated or connected in one fiber line. Examples of these systems include fiber Bragg grating sensors, 1,2 optical time-domain reflectometer distributed sensors, 3, 4 and white-light, distributed fiber-optic sensing systems in parallel and in series types. [5] [6] [7] However, there are still problems that have blocked the application of fiber-optic sensors in smart structures, especially in large-scale smart structures. They have one main drawback: if one sensor or if some point in the fiber line embedded in the smart structure breaks down because of local damage to the structure, then some part of or even the entire system fails. The perceived requirement for optical sensor networks, rather than for independent measuring devices, has stimulated the investigation of multiplexing and networking techniques for optical point sensors. 8, 9 White-light interferometry, as a technique employing low-coherence broadband light sources, has been a very active area of research in recent years. The idea of using a short-coherence-length source to separate the signals returning from a series of sensors was first published by Al-Chalabi et al. 10 Brooks et al. 11 proposed a series of Mach-Zehnder interferometers and a ladder-coherence multiplexing scheme. Valeria Gusmeroli 12 reported a low-coherence, polarimetric sensors array multiplexed on a fiber line. W. V. Sorin and D. M. Baney 13 and D. Inaudi et al. 14 further developed and simplified the quasidistributed, low-coherence, fiber-optic sensor array based on the Michelson interferometer.
In our current work, a white-light, interferometric fiber-optic sensors ring network has been designed for measuring or monitoring large-scale, smart structure distribution strains. The technique uses a scanning Mach-Zehnder interferometer to determine the optical path changes of fiber-optic sensors from the bidirectional optical fiber ring. The technique can make absolute measurements with high resolution. The parameters that can be measured include position, displacement, strain, and temperature. One can configure white-light interferometers to perform quasi-distributed measurement by multiplexing a number of sensors onto the fiber ring. The sensors ring network not only satisfies the redundancy requirement of a practical sensing system but also provides a damage diagnosis methodology for large-scale smart structures.
͑PD͒ detector, a fiber-optic Mach-Zehnder optical path interrogator, and a series of fiber segments connected to one another to form a ring topology. The light is launched into the ring network sensing array by passing the imbalanced Mach-Zehnder interrogator optical paths and then reaches each fiber-optic sensor. The optical path difference ͑OPD͒ of the Mach-Zehnder interferometer can be varied through use of a scanning prism. The scanning prism is used to adjust the OPD of the Mach-Zehnder interferometer to match and trace the change of the fiber length in each sensing segment. We make the OPD of the Mach-Zehnder interferometer nearly equal to the fiber sensor gauge length, so that the two reflected light waves from both ends of the fiber sensor surface can match each other. When the OPD of the MachZehnder interferometer is equal to the fiber sensor gauge length, a white-light fringe pattern is produced. The central fringe, which is located in the center of the fringe pattern and has the highest amplitude peak, corresponds to the unique fiber sensor. As the optical path of the fiber sensor is modulated by the ambient perturbation, for instance, strain or temperature, then the perturbation parameters related to the optical path change are measured and recorded by means of the interference signal peak shift.
In this sensing system the sensors consists of N sensing segments ͑N sensors͒ connected in series with partial reflectors between the adjacent sensors. The lengths of the sensing segments are chosen to be approximately equal to the OPD of the MachZehnder interferometer. A moving, reflective prism opposite the twin gradient refractive-index ͑GRIN͒ lens and mounted on a step-motor-positioning system fine tunes the OPD of the Mach-Zehnder interferometer to match that of the sensors gauge lengths. Because this matching sets each individual sensor in a unique position, this multiplexing technique is classified as spatial-division multiplexing ͑SDM͒.
Measuring Principle
The multiplexed sensors ring network system is based on the basic measuring principle described in Section 1. Assuming that the gauge lengths of the fiber sensors are l 12 , l 23 , . . . , l N, Nϩ1 , respectively and that the differential optical path of the MachZehnder interrogator is fixed as shown in Fig. 1 ,
where X is the distance between the GRIN lens and the scanning prism. For the fiber-optic sensor l j, jϩ1 , as shown in the equivalent optical path in Fig. 2 , the all-reflective optical paths related with sensor l j, jϩ1 are
. (17) Case 1. If the OPD of the Mach-Zehnder interrogator L 0 Ϸ l sens is chosen and adjusted X j, jϩ1 over a small range, then paths ͑2͒ and ͑7͒ as well as paths ͑4͒ and ͑9͒ can match each other, and unwanted interference signals associated with nonadjacent reflectors and nonmatched reflectors lie outside the scan range and are not detected. For this circumstance, we have
In this way, one can measure the deformation of sensor l j, jϩ1 by tracing the change of the prism-moving displacement ⌬X j, jϩ1
Case 2. If OPD L 0 Ϸ 2l sens is chosen, then the matched paths are ͑2͒ with ͑11͒ and ͑15͒, ͑4͒ with ͑13͒ and ͑17͒, ͑7͒ with ͑10͒ and ͑14͒, and ͑8͒ with ͑12͒ and ͑16͒. The sum of the signals' intensity is much larger than that shown in case 1; thus we have
Estimation of the Ring Network Maximum Multiplexable Sensor Number

A. Optical Signal Power Analysis
In the fiber-optic sensor array, a fraction of the optical source power is coupled into the fiber and distributed over the sensor array via several connectors. Each sensor element absorbs or diverts a certain amount of power ͑insertion loss͒, typically between 0.1 and 0.5 dB, which limits the maximum sensor number in the multiplexed sensing system. We assume that the light source power is P 0 ; it is split by the first 3-dB coupler into two branches. One branch goes to the arm L ABC of the MachZehnder interrogator; as it passes through the GRIN lens and the prism, the power is P 0 ␣ 1 ͑X͒͞2, where ␣ and ͑X͒ represents the 3-dB coupler insertion loss parameter and insertion coupling function of the GRIN lens and scanning prism, respectively. Then the light is split by the second 3-dB coupler. In this branch the power coupled into one of the two legs of the sensor ring network is P 0 ␣ 1 ␣ 2 ͑X͒͞4. The clockwise light goes through lead fiber L CD and, passing through j Ϫ 1 sensors, gets to sensor j. Meanwhile the counterclockwise light goes through L CFE and, passing through N Ϫ j sensors, reaches the same sensor j, where ␣ 1 and ␣ 2 represent the first and the second 3-dB coupler insertion loss parameters, respectively.
Similarly, the other branch goes along the arm L AGC of the Mach-Zehnder interrogator, is directly divided by the second 3-dB coupler, and goes to sensor j from both direction of the sensor ring. The power injected into the sensor array for each of the two directions of the ring is P 0 ␣ 1 ␣ 2 ͞4. It is larger then P 0 ␣ 1 ␣ 2 ͑X͒͞4 owing to few-decibel insertion losses of the GRIN lens and reflective prism coupling system. At each fiber sensor's end surface, the light wave is partly reflected and partly transmitted, as shown in Fig. 3 .
To demonstrate this by calculation, assume that ␤ j represents the excess loss associated with sensor l j, jϩ1 that is due to, for example, connection between the sensing segments. T j and R j , respectively, are the transmission and reflection coefficients of the jth partial reflector. T j is in general smaller than 1 Ϫ R j because of the loss factor ␤ j . The value ͑X j, jϩ1 ͒ is the loss associated with the prism and GRIN lenses systems and is a function of X j, jϩ1 . ␤ j Ј, T j Ј, and R j Ј represent, respectively, the loss, the transmission, and the reflection from the opposite direction as shown in Fig. 4 .
Then the reflected light signal power arriving at the detector of sensor l j, jϩ1 can be calculated as follows: Case 1. For the condition L 0 Ϸ l sens , the clockwise paths ͑2͒ and ͑7͒ match; the counterclockwise paths ͑4͒ and ͑9͒ match; thus the light wave signal following path ͑2͒ and the returned power may be given by
The light wave signal following path ͑7͒ and the returned power is For counterclockwise paths ͑4͒ and ͑9͒, the detected optical signals power are
The output signal power of sensor l j, jϩ1 is proportional to the coherent mixing terms of the reflected light signals from the sensor's two matching paths, i.e.,
Case 2. For the condition L 0 Ϸ 2l sens , the matched paths are ͑2͒ with ͑11͒ and ͑15͒; ͑4͒ with ͑13͒ and ͑17͒; ͑7͒ with ͑10͒ and ͑14͒; and ͑8͒ with ͑12͒ and ͑16͒. The procedure is similar to case 1 of this section; the sum of the coherent mixing terms of the reflected light signals can be calculated as
B. Maximum Number of the Multiplexable Sensor
If the detecting limit of the photodiode is P min , then, the maximum number of the total fiber-optic sensors can be evaluated by the condition
To simplify the calculation, we assume that
and that the coupler parameter ␣ 1 Ϸ ␣ 2 ϭ 0.98 corresponds to the typically 3-dB coupler excess insertion loss 0.06 dB. The typical fiber-optic buttconnection insertion loss coefficient is chosen as ␤ j ϭ ␤ j Ј ϭ 0.9 ͑ j ϭ 1, 2, . . . , N ϩ 1͒. Under the condition of perpendicular incidence, the reflectivity at the fiber end surface is given by the Fresnel formula R ϭ ͑n Ϫ 1͒
Where n is the index of the fiber core, the typical value is 1.46, corresponding to 4% reflectivity. For good butt-connected fiber ends, the air gap is smaller than the wavelength; in that case the typically reflectivity R j ϭ R j Ј is nearly equal to 1%. Therefore the transmission coefficient can be calculated as T j ϭ T j Ј ϭ 0.89. The measuring experimental data of the insertion coupling loss between GRIN lenses and prism versus the displacement X is shown in Fig. 5 . We use the 6-dB average attenuation of the prism moving from 3 to 60 mm instead of the function ͑X j, jϩ1 ͒ to approximate the signal intensity, i.e. ͑X j, jϩ1 ͒ ϭ 1͞4. Then, the normalized optical signal power versus the fiber optic sensor number is plotted in Fig. 6 .
To estimate the number of sensors that can be multiplexed with the proposed topology, first we assume that the minimum power that can be detected by the photodiode is P min . In a fiber-optic sensing system the typical detecting capability of the photodiode is ϳ1 nW. Taking into account the noise floor and other stray signals from the system, a reasonable detect limit is assumed to be P min ϭ 10 nW. Second, the multiplexable number is different in cases 1 and 2 of this section. We use the ratio of Eq. ͑26͒ divided by Eq. ͑25͒ to compare the multiplexing capacities of the two cases:
For the prism-GRIN lens, a coupling loss of 4 -10 dB corresponds to an ͑X j, jϩ1 ͒ change of 0.4 -0.125. The ratio given by Eq. ͑29͒ is plotted as Fig. 7 . This means that the multiplexing capacity of case 2 is much better than case 1.
With condition ͑27͒ and taking account of the above data for light source power P 0 ϭ 35 W, one can calculate the maximum number of the fiber sensors as N max ϭ 7 in case 2 and N max ϭ 1 in case 1, as shown in Fig. 8 , whereas for light source power P 0 ϭ 3 mW, we get N max ϭ 27 in case 2 and N max ϭ 21 in case 1.
The maximum sensor number may be limited by other factors, e.g., the available moving range of the scanning prism. In addition, the receiver noise floor, and hence the detecting sensitivity, would be a function of detector bandwidth, which depends on the required response time of the system and the scanning speed of the moving prism. For a specific system, a detailed analysis considering all these aspects is needed to fully assess the multiplexing capacity of the topology.
Experimental Results
A seven-sensor ring network was demonstrated in our experiments; the output signals corresponding to the seven white-light interferometric peaks are plotted in Fig. 9 . In the sensing ring network, the LED light source power is 35 W at the center wavelength 1310 m; the insertion loss of the GRIN lens-prism scanning system is from 4 to 8 dB in the scanning range of 3-60 mm. Each sensor's gauge length is ϳ100 mm. The OPD is selected at nearly twice the sensor gauge length ͑ϳ200 mm͒, and we set that as Figure 9 shows the sensor length order to be the same as that in our arrangement. The signals' power level is also approximately in agreement with our theoretical prediction, except for that of sensor 7. In our experimental results, it is shown that the signal power level of sensor 6 is higher than that of sensor 7 and differs from the theoretical estimation I 78 Ͼ I 67 . In fact, it is very difficult to ensure that each buttconnecting reflectivity has the same value.
To demonstrate the applicability of the system in real distributed deformation or strain measurements, we applied strains on the third, fifth, and seventh fiber-optic sensors, and left the other four sensors in a strain-free state. The testing results are plotted in Fig. 10 , where it is shown that the fiber-optic sensors connected in the fiber ring can map the applied strain conditions, whereas the four strain-free sensors are not perturbed, and their in- terference pattern peak positions have almost no shift. The resolution of the strain-sensing system is 5 ε for the current 100-mm fiber gauge-length case, and the measuring accuracy is 10 ε.
Polarization Effect
It should be mentioned that the output signals of the sensors ring depend on the polarization states. Figure 11 shows the variation of the signals and the accompanying noise when the polarization controller in the ring ͑see Fig. 1͒ was adjusted. This variation occurs because the parts of the light signals that are not reflected at the partial reflectors ͑transmitted͒ mix coherently at the ring coupler as they travel through the optical path length. When the counterpropagating ͑transmitted͒ light signals are of the same polarization states, the light signal at the output port of the ring approaches zero owing to destructive interference. 15 When the counterpropagating signals are of different polarizations, the orthogonal polarization components increase in intensity and result in noise. Additionally, as the deformation varies in each sensor gauge length, starting with the first sensor, it changes the state of polarization. In this case, the multisensing capability would be reduced. It may therefore be necessary to control the polarization states to achieve optimal results. One method is by way of inserting a depolarizer between the LED light source and the first 3-dB coupler; the other solution is to use polarization-maintaining fibers in the sensing system to overcome the instability of the polarization state.
Conclusion
In conclusion, a multiplexed, fiber-optic deformation sensor ring network suitable for smart structure applications has been designed and demonstrated. The sensor system is based on a white-light, interferometric, Mach-Zehnder optical path interferometer technique. It is clear that multiplexed sensors ring network topology suffers from relatively large fiber-segment-induced optical reflective and excess insertion losses that generally limit the total number of sensors that can be accommodated in this configuration. However, it has been predicted that as many as 27 sensors can be operated on the ring topology when a 3-mW light source is used. In addition, this ring network architecture greatly improves the reliability of the system and provides a redundancy owing its bidirectional interrogation of the sensor ring. It means that even if at some point the sensor ring breaks down, the system will still work in the series of the fiber-optic sensor lines. 
